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ABSTRACT 

Based on data from the 1962 edition of The Effects of Nuclear Weapons, a circular slide 
rule was designed to evaluate 28 different effects of nuclear weapons. Of these 28 different ef- 
fects, 13 relate to blast, 5 to thermal radiation, 1 to initial nuclear radiation, 2 to early fallout, 
6 to crater dimensions, and 1 to fireball dimensions. Most of the parameters are presented as 
functions of range and yield (1 kt to 20 Mt). Simple techniques are described which make it pos- 
sible to estimate most of the effects parameters for yields greater than 20 Mt or smaller than 
1 kt. 

The report presents (1) curve fits of weapons-effects data, (2) design analysis for the slide 
rule, and (3) instructions for use of the rule along with some of the implications of the data in 
regard to biological and structural damage. The machine techniques are mentioned which were 
used to prepare the original graphs necessary for the production of the slide rule. 
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LIST OF SYMBOLS 

Symbol Definition 

AB air burst: a burst for which the fireball does not touch the ground 
CSB contact surface burst—a burst directly on the surface or at a burst height not 

more than 5 W0-3 ft above, or below, the surface 
c0 ambient speed of sound 
d distance from Ground Zero or range, miles 
ds slant distance from point of burst or slant range, miles 
D depth of crater, ft 
(Ely)%        standard error of estimate of log y in percentage of y, % (Subscripts S and R refer 

to dry soil and rock, respectively) 
H height of burst, ft 
Hm minimum height of burst for negligible fallout, ft 
I total initial nuclear radiation (neutron plus gamma), rem 
kt kiloton, energy of nuclear explosion which is equivalent to 1000 tons of TNT 
Mt megaton, energy of nuclear explosion which is equivalent to 1,000,000 tons of TNT 
OBH optimum burst height: height of burst to maximize value of given parameter at the 

range of interest or to maximize range at which a given value of the parameter 
occurs 

P ambient pressure, psi 
p maximum or shock overpressure, psi 
P0 14.7 psi 
pr maximum reflected overpressure, psi 
qm maximum dynamic pressure, psi 
Q thermal radiation, cal/cm2 

Q% percentage of total thermal radiation delivered at time t for a given yield, % 
Qlst thermal radiation producing first-degree burns (bare white skin), cal/cm2 

Q2nd thermal radiation producing second-degree burns (bare white skin), cal/cm2 

R early fallout dose rate, any consistent units 
R0 early fallout dose rate measured at time t0, any consistent units 
RA apparent radius of crater, miles (Subscripts S and R refer to dry soil and rocks, 

respectively) 
Rab maximum fireball radius for air burst, miles 
Rsb maximum fireball radius for surface burst, miles 
R maximum fireball radius, average for surface and air bursts, miles 
RL radius of crater lip, miles (Subscripts S and R refer to dry soil and rock, respec- 

tively) 
p/p0 ratio of ambient air density to air density at sea-level 
SB surface burst: a burst at the surface of the ground or at a height above the surface 

(1) less than the radius of the fireball at maximum luminosity (second thermal 
maximum) or (2) less than minimum height of burst for negligible fallout (H < 180 
w0-4 ft) 
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Symbol Definition 

time after detonation, units as specified 
time after detonation at which early fallout dose rate (R0) is measured, units as 

specified 
duration of the positive overpressure, sec 
duration of the positive winds, sec 

T0 ambient temperature, degrees Rankine (degrees Farenheit plus 459.69) 
um maximum wind velocity, mph 
v10 £t velocity of object after 10-ft displacement, ft/sec (Additional subscript, m, is for 

165-lb man and g is for 0.1- to 10-g window-glass fragments, '/8 in. thick) 
W scaling factor for computation of initial gamma radiation, units same as W 
W yield or total effective energy released in a nuclear explosion, kt unless otherwise 

specified 
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Chapter 1 

INTRODUCTION 

1.1 GENERAL 

The primary purpose of this report is to describe the analytical procedures involved in 
the design of a circular slide rule and to discuss its usage and limitations in the evaluation of 
the effects of nuclear weapons.* The information on the computer, taken from the 1962 editionf 
of The Effects of Nuclear Weapons,i shows the major free-field environmental variations as- 
sociated with nuclear detonations which represent a potential hazard to man. Tabular material 
that relates particular values of the effects parameters to various levels of biologic response 
and structural damage is also presented on the computer (discussed in Chap. 4) to help estab- 
lish the significance of the effects parameters. 

Although a number of factors, such as burst conditions, weather, terrain, and weapon de- 
sign, introduce uncertainties in the assessment of weapons effects, the data presented offer 
the best available approximations for purposes of orientation and protective planning. The ease 
with which quick reference information can be obtained is closely related to the simplicity of 
presentation. This simplicity of presentation greatly aids those new to the weapons-effects 
field as well as experienced personnel from technical to professional levels. 

Some readers may be interested in only one or two of the topics covered in this report. 
For this reason each of the three major sections summarized and discussed in this chapter 
was written as an entity with little dependence on the others. 

1.2 NUMERICAL EVALUATION OF WEAPONS-EFFECTS DATA 

It was expedient to express many of the parameters of nuclear-weapons effects as poly- 
nomials, whose coefficients were determined by the least squares method, to facilitate com- 
putation of the slide-rule scales. The data used for input were obtained from curves and from 
semiempirical equations published in Ref. 1. Chapter 2 contains all the effects equations used 
in the preparation of the slide rule as well as equations describing blast effects for heights of 
burst which were not included on the circular computer. Most of the material presented in 
equation form is also represented graphically. 

♦Although it is not the purpose of this report to discuss the production of the circular slide 
rule, some material is presented in the Appendix relative to the preparation of the machine 
drawings from which the slide rule was produced. 

|A similar, but smaller, circular slide rule based on the 1957 edition of The Effects of 
Nuclear Weapons2 was designed in 1959 by the Lovelace Foundation for the Division of Biology 
and Medicine, USAEC. The development of this computer was not documented. 

13 



1.3 DESIGN OF THE CIRCULAR SLIDE RULE 

A cursory search of scientific literature for design criteria of special-purpose slide rules 
revealed some interesting information. It was found, among other things, that special-purpose 
slide rules have been described in journals appropriate to their use and that they can be found 
in a wide variety of periodicals, e.g., Journal of Forestry,3 Transactions of the American 
Geophysical Union,*1 Mechanical World,5 and The Engineer.6 With two exceptions (Refs. 3 and 
5), these reports were concerned primarily with the information to be presented rather than 
with establishing general principles of slide-rule design. The general treatments found were 
for many-variable problems where the variables could be expressed in separate terms. It was 
tacitly assumed that separate slide rules would be constructed for each equation to be solved. 

The analytical problems encountered in the design of the Nuclear Bomb Effects Computer 
were somewhat different from those which would be encountered in the design of single-problem 
many-variable computers. It was desired to place many problems on a single slide rule.* 
However, with one exception, the equations to be represented involved only two or three varia- 
bles. Also, in many cases it was possible to express different problems using one or two scales 
in common. Only one three-variable problem (initial nuclear radiation) was encountered where 
it was not possible to express functions of each variable in separate terms. This problem was 
placed on the slide rule in a unique fashion (see Sec. 3.2.2). 

A semigeneral treatment of slide-rule-de sign problems is used in Chap. 3; i.e., general 
derivations were made first and then applications to the specific problems at hand were made. 
No attempt was made to present general analyses of slide-rule problems of types other than 
those encountered in the present work. 

1.4 COMPUTER (SLIDE-RULE) EVALUATION OF WEAPONS-EFFECTS DATA 

A detailed description of the use of the slide rule is presented in Chap. 4. This includes 
enumeration and discussion of the assumptions made in the computation of weapons-effects 
parameters. A total of 28 different problems can be solved: 13 parameters relate to blast, 5 
to thermal radiation, 1 to initial nuclear radiation, 2 to early fallout, 6 to crater dimensions, 
and 1 to fireball dimensions. 

The tabular material placed on the slide rule to help establish the significance of blast, 
thermal, and ionizing-radiation effects is briefly discussed in Chap. 4, and appropriate refer- 
ence material is noted. 

Although the slide rule can be used directly only for yields between 1 kt and 20 Mt, simple 
extrapolation techniques are described which make it possible to estimate effects parameters 
for yields greater than 20 Mt or smaller than 1 kt. 

REFERENCES 

1. S. Glasstone (Ed.), The Effects of Nuclear Weapons, rev. ed., Superintendent of Documents, 
U. S. Government Printing Office, Washington, D. C, 1962. 

2. S. Glasstone (Ed.), The Effects of Nuclear Weapons, Superintendent of Documents, U. S. 
Government Printing Office, Washington, D. C, 1957. 

3. J. H. Buell, Circular Slide Rules for Solving Linear Equations, J. Forestry, 40: 26-32 (Jan- 
uary 1942). 

4. Margaret F. Culbertson, An Oceanographic Slide Rule for Computing Temperature, Depth, 
and Salinity, Trans. Am. Geophys. Union, 36: 473-480 (June 1955). 

♦Table 4.1 lists 28 different problems that can be evaluated on the slide rule described in 
this report. 
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5. R. K. Allan, Mech. World Eng. Record, The Elements of Scales, Special Slide Rules, and 
Disc Calculators, 138 (3462): 6-12 (January 1958); Scales for Disc Calculators and Calcula- 
tors for Practical Formulae, 138 (3463): 67-71 (February 1958); and Scales for Disc Calcu- 
lators and Calculators for Practical Formulae, 138 (3464): 124-129 (March 1958). 

6. A. W. Swan, Retracing the Steps in the Design of a Special Rule, Engineer, 211: 691-692 
(April 1961). 
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Chapter 2 

NUMERICAL EVALUATION OF WEAPONS-EFFECTS DATA 

2.1    GENERAL 

The weapons-effects information used to prepare the slide rule was obtained from the 1962 
edition of The Effects of Nuclear Weapons,1 where, with a few exceptions, the data for various 
effects parameters are presented in graphical form. It was necessary to determine mathe- 
matical relations for each of the parameters by curve fitting to facilitate computation of the 
several scales for the slide rule. This procedure also smoothed the data, thus eliminating any 
irregularities or discontinuities which might have been present in the original graphical pre- 
sentation. 

The results of the numerical analysis of weapons-effects data in equation and graphical 
form are presented in this chapter. The same information will also be given for those effects 
parameters used on the slide rule for which curve fitting was unnecessary. 

Each variable was used in its scaled form, where possible, to simplify the task of curve 
fitting. In only one of the three-variable problems does weapon yield appear as a separate and 
distinct variable, viz., that for initial ionizing radiation. All the other effects problems involv- 
ing three variables could be described in terms of two variables; e.g., maximum overpressure 
(pm ) as a function of range (d) and weapon yield (W) is specified by the relation between pm 

(14.7/P) and d (1/W)54 (P/14.7)1'4, where P is the ambient or barometric pressure in pounds 
per square inch and W is expressed in kilotons. Although P is included as a parameter, all 
numerical evaluations on the slide rule and in this report were made for an ambient pressure 
of 14.7 psi. Similarly, the ambient temperature, T0, and the velocity of sound, c0, were assigned 
the standard sea-level values of 519° Rankine and 1117 ft/sec, respectively. 

All curve fits were made using the least-squares method employing (with several excep- 
tions*) the following equation form: 

i=l,2, or 3 

log y =     S       as (log x)1 (2.1) 
i=0 

where x and y are the independent and dependent variables, respectively, and the a5's are the 
regression coefficients. Transformation of the variables to the logarithmic form was desirable 
for two reasons. First, it made the relations more linear, thus making possible a better poly- 
nomial fit with only a few terms. Second, it allowed an easy and convenient separation of the 
quantities within a scaled parameter; e.g., log (d/W%) can be written as log d-(V3) log W. 

For convenience in computing the slide-rule scales it was usually necessary to consider 
scaled range (e.g., d/W'4) as the dependent variable (y) and the effects parameter as the inde- 
pendent variable (x) (see Eq. 2.1). Since the reverse arrangement is more satisfactory for 
other purposes, the curve fits were made by both methods. Also, curve fits of blast data are 
reported for heights of bursts which were not placed on the slide rule because of space limi- 

*See Eqs. 2.112, 2.113, 2.115, and 2.116. 
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tations. Thus the information presented in this chapter can be used to augment that which can 
be read from the slide rule. 

The accuracy with which the fitted curves represent the input data (from about 5 to 20 
points, depending on the nature of the charts in Ref. 1) is indicated by the standard error of 
estimate of log y in percentage of y, (Eiy)%. If, for example, (Ely)% is 1 per cent, then it can be 
said that about 68 per cent of the input points have values of y within ±1 per cent of the values 
specified by the regression equation. 

The goodness-of-fit criterion previously discussed has the weakness that it does not indi- 
cate the uniformity with which the regression equation specifies the input data. It is possible, 
for instance, for the fit to be very good everywhere except for the higher values of y; this non- 
uniformity could result in a relatively low (Ely)%.  For this reason a visual comparison was 
made between the plotted regression equations and the plotted input points. Where the fit was 
not uniformly good over the entire curve, the data were fitted with two equations, one for the 
lower, and another for the higher, values of y. 

The reliability of weapons-effects data is difficult, if not impossible, to define precisely. 
Although the data presented here have stated limitations (e.g., visibility, ambient pressure, 
and temperature), other factors cannot be assessed, such as atmospheric inversion layers and 
cloudiness which are known to affect the blast wave and thermal radiation, respectively. Dis- 
cussions of these various effects can be found in The Effects of Nuclear Weapons} It can be 
said, however, that, in comparison with uncertainties and inaccuracies inherent in weapons- 
effects data, those inaccuracies which may result from the curve-fitting procedure are quite 
insignificant. 

2.2    BLAST-WAVE PARAMETERS 

Blast-wave information placed on the slide rule and presented in this section defines for 
surface burst and optimum burst heights (see list of symbols for definition) the relations be- 
tween maximum values of incident overpressure, dynamic pressure, or wind and range and 
yield and between duration or arrival time of the blast wave and maximum overpressure and 
yield or range and yield. Criteria for maximum overpressure, maximum dynamic pressure, 
and duration of positive overpressure are also presented in this section for seven heights of 
burst, even though they do not appear on the slide rule. 

Table 2.1 contains the material defining blast-wave parameters for a surface burst.  The 
polynomial used in the curve fitting, specified in the previous section in Eq. 2.1, is stated at 
the top of the table. The variables are listed under y and x in their scaled forms (see Chap. 3 
of Ref. 1). The region of applicability for each equation is stated under "Limits of x" in the 
units specified in a footnote to the table. The columns "a," "b," "c," and "d" list the regres- 
sion coefficients. The last column contains the goodness-of-fit criterion, (Ely)%, which was 
discussed in Sec. 2.1. Note that each blast parameter appears in the first equation as the 
dependent variable and in the next equation as the independent one. The equations used in the 
preparation of the slide rule are noted in the table by t- The equations in the table marked 
with t are plotted in Fig. 2.1. 

The evaluations of maximum wind velocity (um) were not obtained directly from Ref. 1; 
they were derived from values of maximum dynamic pressure (qm) and maximum overpres- 
sure (p   ) by use of the following equations, which were obtained from Ref. 1, 

m    vPm 
(2.2) 

where 

^m       ^o 
7 + (6pm/P0) (2.3) 

m (Text continues on page 32.) 
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p0 and P0 being the standard sea-level values of air density and pressure, respectively. 
Equations presented in Tables 2.2 through 2.8 are similar to those in Table 2.1 for maxi- 

mum overpressure, maximum dynamic pressure, and duration of the positive overpressure 
(all functions of range and yield), except that they apply to scaled heights of burst of 100, 200, 
300, 400, 500, 600, and 700 ft, respectively. Some equations (listed in footnotes to the tables) 
are also presented in graphical form. These equations are plotted in figures whose numbers 
correspond to the table numbers. 

Equations for the optimum heights of burst are listed in Table 2.9. The optimum-height - 
of-burst data were derived from the height-of-burst plots in Chap. 3 of Ref. 1. The optimum 
burst height is defined as that height of burst which causes a particular value of a parameter 
to extend to the maximum range. The last two equations in Table 2.9 specify the optimum burst 
heights for maximum overpressure as functions of maximum overpressure and yield and of 
range and yield, respectively. Optimum burst heights for dynamic pressure (not specified by 
equation) are, in general, different from those for maximum overpressure. The maximum 
winds were computed by Eqs. 2.2 and 2.3 using the appropriate maximum dynamic pressures 
and maximum overpressures evaluated at the optimum heights of burst for dynamic pressure. 
Equations noted in Table 2.9 by the symbol I are plotted in Fig. 2.9. 

2.3    REFLECTED OVERPRESSURE AT NORMAL INCIDENCE 

When a blast wave with a well-defined shock strikes a flat surface placed at an angle of 
90° to the direction of wave propagation, an immediate rise in pressure is noted near the flat 
surface which is defined1 by 

p   =2p     7* + 4Pl? (2.80) fr *m    7p+pm 

where pr = reflected overpressure 
P   = ambient or barometric pressure 
pm = maximum or shock overpressure before reflection 

Equation 2.80 is plotted in Fig. 2.10 for the condition that P = 14.7 psi. Note, however, that 
the coordinates are labeled in scaled form so that values of reflected overpressure can be 
evaluated for conditions where other ambient pressures exist. 

To facilitate computation of the scale for reflected overpressure vs. maximum overpres- 
sure on the slide rule, Eq. 2.80 was solved for pm : 

pr-14PWp2
r+196pr P + 19~6? (281) 

Pm   ~ 16 

2.4    TRANSLATIONAL VELOCITIES FOR MAN AND WINDOW GLASS 
AT 10-FT DISPLACEMENT 

The assumptions and conditions applicable to the material in this section are discussed in 
Sec. 4.3. The discussion here will be confined to the numerical procedures and approximations 
used to determine the equations listed in Table 2.10. 

Results reported in Refs. 2 and 3 were used to determine, for weapons burst at the opti- 
mum height and at the surface, the ranges at which man and window glass would attain given 
velocities in 10 ft of travel. The results of this effort are represented in Table 2.10 by 16 
regression equations defining range as a function of yield for particular: (1) objects (man or 

(Text continues on page 40.) 
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.3 .4 
Range, d(l/W)' 

Fig. 2.11—Velocity of man or window glass at a 10-ft displacement for surface bursts or optimum 
heights of burst as a function of scaled range (see Eqs. 2.86, 2.92, 2.98, and 2.104 in Table 2.10). 
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lOOf 

Time   after    Detonation, t/W      ,  sec 1/2 

Fig. 2.14—Percentage of total thermal radiation emitted vs. scaled time after detonation for both surface 
and air bursts (see Eq. 2.112 in Table 2.11). 
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Window glass), (2) velocities (10, 20, 30, or 40 ft/sec for man, and 50, 100, 200, or 400 ft/sec 
for window glass), and (3) types of bursts (optimum burst height or surface burst). 

Range as a function of yield was plotted on logarithm paper for each set of four equations 
for particular types of burst and objects, e.g., Eqs. 2.94 through 2.97. The slopes of the curves 
for man were almost constant, having an average value of 0.40. Similarly, slopes of the curves 
for window glass had an average value of 0.35. Each set of curves was then fitted with a 
straight line whose slope was 0.40 (for man) or 0.35 (for window glass). 

The importance of the constant-slope concept is that it allowed range and yield to be ex- 
pressed as a single variable, i.e., d/W0,4 for man and d/W0'35 for window glass. Thus equations 
such as Eqs. 2.86 and 2.87 could be derived which would define the relation between velocity 
and scaled range.  Figure 2.11 illustrates graphically this relation for window-glass fragments 
and man for the two burst conditions. 

It is of interest to note that the range at which a particular maximum overpressure occurs 
varies as W54, whereas the range at which a given velocity for glass or man occurs is pro- 
portional to W0*35 or W0'40, respectively. This signifies that the same translational velocities 
occur at lower overpressures as yield increases, the reason being that for a particular maxi- 
mum overpressure, the duration of the blast wave increases with increased yield. Further- 
more, it can be said that the velocity of a man is more sensitive to the duration of the blast 
wave than is the velocity of window glass (compare the exponents, 0.40 and 0.35). 

2.5 THERMAL RADIATION 

Incident thermal radiation was computed from information given in Chap. 7 of Ref. 1 for a 
visibility of 50 miles. Data for slant ranges less than 0.1 mile and greater than 25 miles were 
obtained by extrapolation. Equations 2.106 and 2.108 in Table 2.11 specify the relations be- 
tween thermal radiation, slant range, and yield for air bursts. 

For the same range and yield, the thermal radiation received from a surface burst is 
somewhat less than that from an air burst, mostly because of reduced visibility along the 
earth's surface. Thus the thermal radiation received at a particular distance from a surface 
burst is from 0.5 to 0.8 of that from an air burst of the same yield and at the same distance.1 

The exact amount of attenuation is undefined but depends on yield, range, nature of the terrain, 
etc.  For simplicity of presentation on the slide rule, the surface-burst thermal was assumed 
to be always 0.7 of that for an air burst. This made it possible to use the equations for air- 
burst thermal to compute surface-burst thermal by the simple substitution of 0.7 W for W. In 
Table 2.11 compare Eqs. 2.107 and 2.109 with Eqs. 2.106 and 2.108. 

Because of increased time of delivery, the thermal radiation necessary to produce a given 
biologic effect increases with yield. The defining equations for first- and second-degree burns 
as functions of yield for either surface or air bursts are listed in Table 2.11, Eqs. 2.110 and 
2.111. 

The duration of the thermal pulse, or any fraction thereof, varies as the square root of the 
yield. Equations 2.112 and 2.113 define this relation for fractions of the total thermal energy 
between 1 and 80 per cent. r 

For illustrative purposes the equations noted in Table 2.11 are presented graphically in 
Figs. 2.12 through 2.14. The chart in Fig. 2.12 shows, for an air burst, the range for various 
thermal doses as a function of yield. Also shown on this chart is the range (or thermal dose) 
at which first- or second-degree burns for bare white skin occur as a function of yield (dashed 
lines). Similar material is plotted in Fig. 2.13 for a surface burst. 

The percentage of total thermal radiation emitted is plotted in Fig. 2.14 as a function of 
scaled time after the detonation, t/W5*. These data apply to both air and surface bursts. 

2.6 INITIAL NUC LEAR RADIATION 

The following equation defining total exposure dose from initial nuclear radiation (gamma 
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plus neutron) for air bursts was derived from information given in Chaps. 8 and 11 of Ref. 1: 

W r 
I = -rj-jl997.41 exp -9.263158 

rn^rn 
exp -5.415385 m\ (2.114) 

where W = yield, kt 
W' = scaling factor (see Fig. 2.15) 
ds = slant range, miles 
p    = density of air through which radiation passes 
p0 = standard sea-level air density 

It should be noted that Eq. 2.114 becomes unreliable at short ranges, especially for those 
less than 0.28 mile.* 

The ratio of scaling factor to yield, W'/W, for initial gamma radiation which is required 
to evaluate Eq. 2.114 is given by 

log (W'/W) = -2.1343121 + 5.6948378 log W -5.7707609 (log W)2 + 2.7712520 (log W)3 

-0.6206012 (log W)4 + 0.0526380 (log W)5     (2.115) 

for 10 < W < 20,000. (Ej W'/w)% = 5.1%. For yields of 10 kt or less, the ratio W'/W is unity. 
Equation 2.115 is plotted in Fig. 2.15. 

Although Eqs. 2.114 and 2.115 express the relation between total exposure dose, range, 
and yield, explicit solutions could not be obtained for either range or yield, and therefore the 
equations could not be used directly to compute the scales of the slide rule.  For this reason 
an empirical relation was sought defining range as a function of dose and yield. This was 
done by fitting the following polynomial to sets of values of range, yield, and dose obtained 
from Eqs. 2.114 and 2.115: 

log ds = a + [b + a' log I + d' (log I)2 + g'(log I)3] log W 

+ [c + b' (log I) + e' (log I)2 + h' (log I)3] (log W)3 

+ [d + c' (log I) + f (log I)2 + i' (log I)3] (log W)5 

+ e (log W)7 + f (log I) + g (log I)2 + h (log I)3 

+ i (log I)5 (2.116) 

where a = +0.1237561 a' =+0.0143624 
b =+0.0994027 b' =-0.0000816 
c =+0.0011878 c' = -0.0000014 P/Po = 0.9 
d =-0.0002481 d' =+0.0054734 (Eld)% = 2.1% 
e =+0.0000096 e' =-0.0003272 Sds = slant range, miles 
f = -0.1308215 f' =+0.0000106 W = explosive yield, kt 
g =+0.0009881 g' = -0.0001220 1 = initial nuclear radiation, rem 
h =+0.0032363 h' =+0.0000217 
i =+0.0000111 i' = -0.0000006 

Limits for the equation fit 1 £ W < 20,000 
1 £ I < 108 

*See paragraph 8.104 of Ref. 1. 
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Equation 2.116 was used to prepare Fig. 2.16, which is a plot of range vs. yield for nine 
values of initial nuclear radiation. This material (which also appears on the slide rule) is 
applicable to air bursts where the effective air density between the burst and the target is 0.9 
that of the standard sea-level value. 

Initial nuclear radiation for surface bursts is lower than that for air bursts of the same 
yield and at the same distance (slant range) from the burst. This is a result of the higher air 
density for the surface burst and the presence of dust and debris near the surface, both of 
which cause a reduction in the gamma-radiation dose. Equations 2.114 and 2.115 were used to 
compute initial nuclear radiation from surface bursts by assuming that p/p0 = 1.0 and by re- 
placing the constant "1033" in Eq. 2.114 with 2/3 1033 or 688.7. The latter procedure is 
equivalent to reducing the gamma-radiation dose to % of the value for air bursts. The re- 
sults of these computations are plotted in Fig. 2.17, which shows range vs. initial nuclear ra- 
diation for six values of yield. 

The relation between slant range and ground range will be explored in more detail, but, 
first, it should be noted that a number of uncertainties are involved in estimating the initial 
ionizing radiation composed of very early, or prompt, pulses of gamma rays and neutrons plus 
delayed radiation (mostly gamma) up to 1 min. The latter emanates from the fission products 
in the rising cloud. The very early radiation, characterized by various neutron-gamma ratios 
that change with yield, range, and weapon design, is fairly sensitive to the relatively high air 
density associated with contact surface bursts at sea level. Two additional factors influencing 
the delayed-gamma-radiation dose should be considered: the radiation dose at a given location 
tends to decrease as the cloud rises, but the dose at that location tends to increase since the 
air through which the gamma rays pass becomes less dense because of (a) the increased height 
of the cloud and (b) the negative phase of the blast wave. 

Li the case of the transition from a contact surface to an air burst, the interplay between 
these factors, air density and distance, "fixes" a burst height which maximizes the ground 
range of a given radiation dose for each yield. This relation is such that for the air burst the 
ground range of a given dose is maximized for that burst height where the fireball at maximal 
brillance just touches the ground. However, the ground ranges for such bursts are significantly 
less than the slant ranges for the larger yields since the latter are associated with dispropor- 
tionately larger fireballs. Thus on a ground-range basis, the contact surface burst maximizes 
the initial nuclear radiation for the higher yields at all ranges of interest, but the air burst, 
with the fireball just touching the ground, does so for the lower yields at the greater ranges. 

A study of the range-yield-dose relations in Figs. 2.16 and 2.17 shows that, with reason- 
able error, the slant range for the air burst may be considered as ground range for the surface 
burst. This is illustrated by the following data derived from Figs. 2.16 and 2.17: 

Air burst 
Dose, Surface burst slant range, 
rem Yield range, miles miles 

102 20 Mt 2.4 2.6 
100 kt 1.2 1.4 

1 kt 0.62 0.69 
106 20 Mt 1.0 1.1 

100 kt 0.26 0.26 
1 kt 0.059 0.057 

Thus the nuclear-radiation data shown on the slide rule, applying strictly to the slant range for 
the air burst, can be regarded as a reasonable approximation of the dose-range relation for 
the surface burst. Any errors involved in assuming that the slant range for the air burst ap- 
plies to range for the surface burst are likely to be small compared with those due to many 
other factors, such as differences between conjectured and actual locations of Ground Zero. 
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Since ground range is a more useful concept for planning purposes (as are also the burst 
conditions which maximize the range of a given hazard), it is well to explore further the con- 
cepts of slant range and ground range for the maximizing air burst noted previously. One can, 
for example, use the fireball radius at maximal brilliance* for various yields as the maximiz- 
ing burst height for air detonations and compute the ground ranges for given radiation doses. 
Results of these computations are tabulated below along with corresponding range values for 
the surface burst: 

Air burst 
Surface burst 

Dose, Slant range, Ground range, ground range, 

rem Yield miles miles miles 

102 20 Mt 2.6 1.9 2.4 

100 kt 1.4 1.4 1.2 

1 kt 0.69 0.69 0.62 

103 20 Mt 2.3 1.4 2.0 

100 kt 1.0 0.98 0.9 

1 kt 0.44 0.44 0.42 

106 20 Mt 1.1 * 1.0 

100 kt 0.26 0.15 0.26 

1 kt 0.057 0.046 0.059 

* The dose on the surface directly beneath the bomb (hypocenter) would be about 
2 x 104 rem. 

The data shown in the last two columns serve as numerical verification of the general 
statements made previously: (1) For high yields (20 Mt), the surface burst maximizes the 
range at which all radiation doses of interest occur. (2) For low and intermediate yields (1 kt 
and 100 kt), the surface burst maximizes the ranges at which high radiation doses (106 rem) 
occur, and the air burst maximizes the ranges at which lower doses (103 and 102 rem) occur. 
More important, however, each slant-range value for air bursts is approximately the same as 
the larger of the figures in the last two columns. This means that for planning purposes the 
range—dose relation shown on the slide rule can be taken to mean ground range for maximizing 
burst conditions whether these conditions involve an air or surface burst. 

This assumption that the relation between slant range and dose shown on the slide rule for 
the air burst is a reasonable approximation of the ground-range-dose relation for maximizing 
burst conditions is not likely to involve a significant error considering all the other uncertain- 
ties involved, particularly the variations due to nuclear-bomb design and yield and to the dif- 
ference in assumed and actual ranges. 

2.7 EARLY FALLOUT DOSE RATE 

Early fallout dose rate can be computed with the following expression from Chap. 9 of 
Ref. 1: 

Ro   VV 

-1.2 
(2.117) 

where RQ is known dose rate at time t0 after detonation and R is dose rate at any time t after 
detonation. 

♦The value of this parameter is the same as that for minimum height of burst for negligible 
fallout, which can be evaluated on the slide rule. 
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Equation 2.117 is applicable to a fixed quantity of radioactive particles; i.e., it is assumed 
that fallout is complete and that radioactive particles are not removed from the vicinity of 
measurement (or exposure) by decontamination procedures or by other processes, such as 
wind erosion. 

A plotted form of Eq. 2.117 appears in Fig. 2.18 showing R/R0 as a function of t/t0. Note 
that, when time increases by a factor of 7, fallout dose rate decreases by a factor of 10. 

2.8    CRATER AND FIREBALL DIMENSIONS AND MINIMUM HEIGHT OF 
BURST FOR NEGLIGIBLE FALLOUT 

The material presented in this section from Chaps. 2 and 6 of Ref. 1 required no numeri- 
cal treatment to facilitate computation of the appropriate slide-rule scales.  For the sake of 
completeness, the various relations are presented in graphical and equation form in Fig. 2.19. 
(See Sees. 4.7 and 4.8 for a discussion of the parameters.) The average values of the maximum 
fireball radius (average between maximum fireball radius for a surface burst and that for an 
air burst, shown as a dashed line in Fig. 2.19) were placed on the slide rule. 
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Equation 2.117 is applicable to a fixed quantity of radioactive particles; i.e., it is assumed 
that fallout is complete and that radioactive particles are not removed from the vicinity of 
measurement (or exposure) by decontamination procedures or by other processes, such as 
wind erosion. 

A plotted form of Eq. 2.117 appears in Fig. 2.18 showing R/R0 as a function of t/t0. Note 
that, when time increases by a factor of 7, fallout dose rate decreases by a factor of 10. 

2.8    CRATER AND FIREBALL DIMENSIONS AND MINIMUM HEIGHT OF 
BURST FOR NEGLIGIBLE FALLOUT 

The material presented in this section from Chaps. 2 and 6 of Ref. 1 required no numeri- 
cal treatment to facilitate computation of the appropriate slide-rule scales.  For the sake of 
completeness, the various relations are presented in graphical and equation form in Fig. 2.19. 
(See Sees. 4.7 and 4.8 for a discussion of the parameters.) The average values of the maximum 
fireball radius (average between maximum fireball radius for a surface burst and that for an 
air burst, shown as a dashed line in Fig. 2.19) were placed on the slide rule. 
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Chapter 3 

DESIGN OF THE CIRCULAR SLIDE RULE 

3.1 GENERAL 

The purpose of this chapter is to formalize the analytical procedures that were used in the 
design of the Nuclear Bomb Effects Computer. Most of the parameters placed on the computer 
are functions of weapon yield or of yield and range. Although this circumstance allowed con- 
densing of information through sharing of scales, it necessitated careful analysis to properly 
synthesize the many components into a workable computer. 

The basic design criteria and the mechanical structure of the computer will be considered 
before proceeding to the details of the design.  Figure 3.1 shows the front of the computer, and 
Fig. 3.2, the back. On the front the central disk (Fj in Figs. 3.1 and 3.3) contains a yield scale 
near its perimeter and, in the interior, various other scales that can be viewed only through 
windows in the two overlying disks (F2 in Figs. 3.1 and 3.4 and F3 in Figs. 3.1 and 3.5).  The 
smaller of the disks (F3) is oriented with respect to the central disk (Fj) by means of a yield 
setting made with the hairline tab. The next larger disk (F2) contains a range scale near its 
perimeter, which is also set with respect to the yield scale on disk Ft. The two smaller disks 
can be adjusted independently with respect to the yield scale. 

On the back the central disk (Bj) contains two families of curves, one for thermal radiation 
(red lines) and the other for initial nuclear radiation (black lines) (see Figs. 3.2 and 3.6).  These 
curves are read at the intersection of the hairline on tab B3 (connected mechanically to F3) and 
the spiral on disk B2 (connected mechanically to F2), the hairline and the spiral having the same 
color as the curves being read (see Figs. 3.4 and 3.5). The required input setting for the back 
of the computer is made on the front by rotating the disks (using appropriate tabs) until both 
the yield and range of interest are under the tab hairline. Thus the hairline on the back (an ex- 
tension of the one on the front) is orientated with respect to weapon yield, and the spiral disk 
is adjusted according to range for a given yield. These settings are not independent of each 
other in the sense that they are for the front disks but must be made simultaneously; i.e., both 
the yield and range of interest must be adjusted to the hairline tab for any particular setting. 

3.2 TWO- AND THREE-VARIABLE PROBLEMS INVOLVING YIELD 

3.2.1    Variables That Are Separable: f(x) + g(y) = h(z) 

The general three-variable problem will be considered here for the condition that the func- 
tions of each variable can be stated separately. The results of the analysis can also be applied 
to two-variable problems as degenerate cases of the three-variable problem. 

If the three variables are called x, y, and z and their respective functions are called f, g, 
and h, then 

f(x) + g(y) = h(z) (3.1) 
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is a general statement of the problem considered in this section. It will be shown that a prob- 
lem of this type can be placed on a circular slide rule with two disks and that any one of the 
three variables can be determined if the other two are specified. It is not required that any of 
the functions be of the logarithmic form. 

To facilitate illustration of the problem by means of Figs. 3.1, 3.3, and 3.4, let x = W 
(yield), y = d (range), and z = pm (maximum overpressure) and let f, g, and h be their respec- 
tive functions. Then Eq. 3.1 can be restated 

f(W) + g(d) = h(pm) (3.2) 

First, a radial line was chosen on disk Ft to serve as a reference from which to measure 
angular distance.  Then a yield (W) scale was assigned to Fj such that the angle for a given 
value of W is defined by the equation 

0w=Kf(W)+A (3.3) 

where K is a constant determining the angular extent of the scale and A is another constant 
specifying the angular placement of the scale with respect to the zero reference angle. 

Similarly, a reference line was chosen on disk F2 and a range scale (d) was designed (to 
be read against the W scale on Ft) such that the angle for a given value of d is defined by 

6>d = -Kg(d)+B (3.4) 

where K is the same quantity previously defined, and B is a constant similar to A also previ- 
ously defined. 

If, now, range d is set opposite yield W, the reference line on disk F2 will be at angle 
(0W —0d) with respect to the reference line on Fl. This angular separation can be evaluated 
using Eqs. 3.3, 3.4, and 3.2 as follows: 

ew - ed = K [f(w) + g(d)] + A - B 

= Kh(pJ + A-B (3.5) 

The quantity (0W — 0d) is, according to Eq. 3.5, a function of maximum overpressure (pm) alone. 
Thus, if a scale for pm were constructed on disk Fj (also containing the W scale) such that 

0Pm =Kh(pJ + A-B + C (3.6) 

with respect to the reference line, then a hairline placed at 8h = C on disk F2 would be at the 
value for pm corresponding to the input values of W and d. 

To recapitulate, the central disk (Ft) contains a yield scale specified by Eq. 3.3 and a 
maximum-overpressure scale defined by Eq. 3.6.  The smaller disk (F2) contains a range scale, 
Eq. 3.4, placed so that it can be read with respect to the yield scale, and a hairline placed at 
0h = C and at a radial distance consistent with the maximum-overpressure scale on Ft. 

Note that the three-variable problem presented here was developed in terms of arbitrary 
functions f, g, and h.   For a more specific example the mathematical expression for pm which 
was set forth in Chap. 2 will now be considered.  By this procedure other considerations influ- 
ential in the overall design of the circular slide rule will be brought into focus. 

Maximum-overpressure (pm) data were fitted by least squares to an equation of the form 

log(^)=j(logPJ (3.7) 

where j is a polynominal in log pm.* 

*See Eqs. 2.5 in Table 2.1 and 2.61 in Table 2.9. 
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Rearranging, we have 

logW-3 1ogd = -3 j (logpj (3.8) 

Equation 3.8 is in the form of Eq. 3.2, where f(W) = log W, g(d) = -3 log d, and h(pm) = 
-3 j (log pm). With Eqs. 3.3, 3.4, and 3.6, the scales for this problem were computed as 
follows: 

Disk F, 

ew = KlogW + A (3.9) 

ePm =-3 Kj (logpm)+A-B + C (3.10) 

Disk F2 

•ed = 3Klogd + B (3.11) 

9h = C (3.12) 

The constant A in Eq. 3.9 determines the angular displacement of the yield scale from an 
arbitrarily chosen reference line on disk Ft. The constant B assumes a similar role on disk 
F2. The constant C locates the hairline in the large window on F2. The three constants A, B, 
and C determine the angular position of the maximum-overpressure scale on Ft. The constant 
K, as previously defined, determines the angular extent of the scales. These constants were so 
chosen that on disk Fj the center of the yield scale would be opposite the center of the over- 
pressure scale. This made it feasible to choose a bottom and a top for the circular computer; 
i.e., the scales were labeled so that the yield scale was at the bottom and the overpressure 
scale at the top. Other scales were arranged to be consistent with this scheme. 

The constant K determines, along with the numerical limits, the angular distance or arc 
occupied by each of the scales. As noted in Sec. 3.1, the yield scale is also used by the 
thermal- and nuclear-radiation scales on the back of the computer.  Thus it was necessary 
to limit the yield scale to 180°. However, to allow space for labeling of the scales on the back, 
an arc of approximately 139° was used. This resulted in a value for K of about 32.32°.  (The 
numerical limits for the yield scale are 1 to 20,000 kt or 0 to 4.30103 log units.) 

Other considerations in the choice of a value for K should be mentioned.  First, the range 
scale, extending from 0.05 to 100 miles, was limited to 360° of arc less the space occupied by 
the large window in disk F2 (see Figs. 3.1 and 3.4). Second, the value of K should be small 
enough that erroneous readings are not possible.  For example, if 100 miles is set opposite 
1 kt, the indicator (hairline) for maximum overpressure should show no reading since over- 
pressure is not defined for these conditions. However, if the scales are expanded too much 
(K too large), the hairline indicator would traverse the blank space between the low and high 
ends of the overpressure scale and indicate a false value for pressure at the high end of the 
scale. 

The analysis presented in the preceding paragraphs is applicable to the three-variable 
problem for the condition that the variables can be stated separately. Although maximum over- 
pressure was used to illustrate the development, the results are equally applicable to maximum 
dynamic pressure (qm) and to maximum wind velocity (um) by the simple substitution of qm or 
um for pm in Eq. 3.10. 

The parameters appearing in windows on disk F3 (Figs. 3.1 and 3.3) are functions of yield 
alone or yield and another variable. The analytical procedure for these parameters is similar 
to that described above. Since only one yield scale appears on the slide rule, the value of K and 
A must be the same for all problems involving yield (see Eq. 3.9). Also, for the material on 
disk F3, a common hairline was used, i.e., the hairline that appears on the tab connected to F3. 

For three-variable problems utilizing disk F3 [e.g., duration of positive overpressure (tp) 
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as a function of overpressure and yield], the scale for one of the variables (overpressure in this 
instance) is placed along the window on F3 and the other (duration) on Ft so that it can be read 
through the window. The choice of positions for the two nonyield variables, although arbitrary 
in theory, was made such that the most information could be packed in the space available.  For 
instance, the time scale in the example just cited is shared by four pressure scales: pressure 
for (1) duration of positive overpressure, optimum burst height; (2) duration, surface burst; 
(3) arrival time of the blast wave, optimum burst height; and (4) arrival time, surface burst 
(see also Eqs. 2.11 and 2.15 in Table 2.1 and Eqs. 2.69 and 2.73 in Table 2.9). 

Data obtained from Ref. 1 for crater and fireball dimensions (including minimum height 
of burst for negligible fallout) are functions of yield alone.* In the analysis the variable that 
previously was represented on F3 was replaced by the appropriate constant.  The length scale 
was placed on disk Ft to be read through windows on F3. Because the third variable assumed 
a constant value, the scale along the windows was replaced by an indicator line drawn across 
the windows for each parameter. 

The fact that all crater dimensions* for a contact surface burst vary as W1* made it possi- 
ble to indicate crater dimensions on a single length scale constructed so that one log cycle of 
length occupies the same angular distance as three log cycles of yield. Also, it is of interest 
to note that fireball dimensions,* minimum height of burst for neglibible fallout,* and range at 
which a mant would attain a given velocity through displacement of 10 ft, all vary as W0-4 and 
therefore share a common length scale plotted on disk Ft and viewed through two windows 
placed at the same radius. 

3.2.2    Variables Not Separable: f(x,y,z) = 0 

The techniques described in this section are applicable to the general three-variable prob- 
lem. If the relation between variables can be represented by contour plots, the problem can be 
placed on a circular slide rule consisting of two disks and a hairline free to rotate about the 
center of the disks. 

It was necessary to employ these techniques to place initial-nuclear-radiation data on the 
slide rule since the functional relation between the three variables involved could not be stated 
in individual terms each containing a single variable (see Eq. 2.114). 

Thermal radiation can be expressed as separate functions of yield and range (see Table 
2.11) and, therefore, could have been represented on the slide rule according to the procedures 
presented in Sec. 3.2.1. However, it was necessary to use the more generally applicable tech- 
niques of this section to show the burn criteria as functions of yield on the same scale used for 
the thermal data. 

As noted in Sec. 3.1, the hairline on the back of the rule, which measures an angle from an 
arbitrary reference point, is set on the yield scale appearing on disk Fj (see Figs. 3.1, 3.2, and 
3.5).  The spiral disk B2 is set for a specified yield according to range using the yield and range 
scales on disk Ft and F2, respectively. Thus, for any hairline (yield) setting, the range is rep- 
resented as a function of the radial distance of the hairline-spiral intersection from the center 
of the rule, the radial distance increasing monotonically with range. 

The types of spirals used on B2 (Fig. 3.4) are, of course, arbitrary. The following forms 
were chosen since their use resulted in a near-uniform separation of the contour lines plotted 
on disk Bt (Fig. 3.6): 

i-i 
(3.13) 

ed + B' 

rQ = C (0d + 180°) + D' (3.14) 

*See equations in Fig. 2.19. 
fSee Eq. 2.87 in Table 2.10. 
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where rl = radius on disk Bt for initial nuclear radiation 
rQ = radius on disk Bt for thermal radiation 
6d = the angle at which range d is plotted on the range scale on disk F2, defined 

by Eq. 3.1-1 
A', B', C, and D' = constants determined by the minimum and maximum ranges to be repre- 

sented and the radial interval available on the slide rule 

Note that the curves for thermal radiation (Fig. 3.6) are opposite those for initial nuclear 
radiation on disk Bls thus 180° is added to 6d in Eq. 3.14. Also, for convenience positive angles 
on the back of the rule were measured in a clockwise direction to be consistent with counter- 
clockwise positive direction on the front. 

Since the angle of the hairline on B3 is controlled by the yield scale on Flt the governing 
equations are similar to Eq. 3.9 for the yield scale: 

(6W), =KlogW+A (3.15) 

(0w)p = 18O° + KlogW + A (3.16) 

The subscripts I and Q refer to initial nuclear radiation and thermal radiation, respectively. 
The remaining notation was defined in Sec. 3.2.1. 

The family of curves for initial nuclear radiation were prepared in the following manner. 
Equation 2.116 was used to find the slant range at which a dose of 1 rem would occur for a 
yield of 1 kt for an air burst. Then Eqs. 3.11 and 3.13 were employed to determine a radius 
and Eq. 3.15 was employed to determine an angle, which together determined a point on the 
1-rem contour. Succeeding points were found by repeating this procedure for yields of increas- 
ing magnitude. In practice, log intervals of yield were used to determine successive points on 
the dose lines for 1 rem, 3 rem, 10 rem, etc. 

The family of curves appearing on disk Bi for thermal radiation were computed using Eq. 
2.108 in Table 2.11, Eq. 3.14, and Eq. 3.16. The plotting techniques employed were similar to 
those described in the previous paragraph for initial nuclear radiation. The data presented ap- 
ply to an air burst and slant range. However, through the use of a simple device, described be- 
low, the same plots were made applicable to a surface burst and ground range. Inspection of 
the thermal equations, Eqs. 2.106 to 2.109 appearing in Table 2.11, reveals that for a particular 
range and yield the thermal radiation for a surface burst is 0.7 that of an air burst*, i.e., the 
surface-burst thermal for yield W is indicated on the slide rule if the tab hairline and range 
are set at 0.7 W. For convenience a small mark was placed on the yield—range tab to the right 
of the hairline (see Fig. 3.1). The mark is located so that, when it is set to W, the hairline is 
positioned at 0.7 W. 

The thermal radiation necessary to produce first- and second-degree burns (Qlst and Q2nd, 
respectively) is specified by Eqs. 2.110 and 2.111 in Table 2.11 as a function of yield. With 
values of Qlst and Q2nd for given yields, appropriate slant ranges were determined employing 
Eq. 2.108 in Table 2.11. Thus first- and second-degree-burn lines could be plotted on the slide 
rule by techniques similar to those already described for plotting families of curves on disk Bi. 

3.3    PROBLEMS NOT INVOLVING YIELD 

3.3.1    Early Fallout Dose Rate 

Early fallout dose rate is usually described by Eq. 2.117: 

<r R      /*W-2 

R0 

*See discussion in Sec. 2.5. 
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where R is dose rate at time t after the detonation and R0 is dose rate at time t0 after the det- 
onation. The ratios make it possible to express both dose rate and time in arbitrary units.* 

Equation 2.117 can also be expressed as 

log R + 1.2 log t = log R0 + 1.2 log t0 = C" (3.17) 

where C" is a constant for any particular problem in which R0 is a measured dose rate at time 
t0. Equation 3.18 suggests that two scales be constructed to rotate with respect to each other, 
one in log R and the other in —1.2 log t, so that for any particular setting the sum of any log R 
and the corresponding 1.2 log t will be a constant. This condition can only be satisfied if one of 
the scales increases clockwise and the other increases counterclockwise. Thus the equation 
used for the construction of the dose-rate scale is 

0R=K" logR +A" 

and that for time scale is 

0t=-1.2 K" log t+ B" 

where K" is an arbitrary scale-expansion factor, A" and B" are constants determining the an- 
gular location of each of the scales, and 0R and 0t are the angles at which dose rate R and time 
t are indicated on their respective scales. 

3.3.2    Reflected Overpressure vs. Incident Overpressure 

Reflected overpressure is plotted on the slide rule as a function of maximum, or shock, 
overpressure for the conditions that (1) the shock wave approaches the reflecting surface at a 
90° angle and (2) the ambient pressure is 14.7 psi.  Thus the problem is reduced to two variables 
that can be represented by two adjacent scales (see also Fig. 2.10). An arc was drawn on disk 
F2 (see Figs. 3.1 and 3.4) in the space that remained after other scales were constructed. An 
incident-overpressure scale was plotted in logarithmic form on one side of the arc, and the 
corresponding values of reflected pressure were computed using Eq. 2.4 from which a scale 
was constructed on the other side of the arc. 

REFERENCE 

1. Samuel Glasstone (Ed.), The Effects of Nuclear Weapons , rev. ed., 1962, Superintendent of 
Documents, U. S. Government Printing Office, Washington, D. C, 1962. 

*On the slide rule R is expressed in arbitrary units, e.g., roentgens per hour or milli- 
roentgens per hour; however, time units were labeled, for convenience, in hours or days. 

56 



FRONT VIEW 

Fig. 3.1—Front of the assembled computer. 
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BACK VIEW 

Fig. 3.2—Back of the assembled circular slide rule. The two families of curves for initial nuclear 
radiation (in black) and thermal radiation (in red) are on disk Bx. The red and black spirals are on 
disk B2, and the red and black hairlines are on tab-extension B3. 
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rl 

Fig. 3.3—Front of the largest, or central, disk of the computer (view before assembly). 
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FOLD 

BLACK SPIRAL FOR 
INITIAL NUCLEAR 
RADIATION 

ß< 

RED SPIRAL FOR 
THERMAL 

RADIATION 

Fig. 3.4—Disks F2 (front) and Bz (back) of the unassembled circular computer. These disks are 
connected by means of the plastic tab which is folded at the black line. 
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Fig. 3.5—Disk F3 (front) and tab extension 

B3 (back) of the unassembled computer. 
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V" 
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Fig. 3.6—Back of largest, or central, disk (Bx) of the computer (view before assembly). 
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Chapter 4 

COMPUTER (SLIDE-RULE) EVALUATION OF 
FREE-FIELD WEAPONS-EFFECTS DATA 

4.1 GENERAL 

The preceding chapters have been concerned principally with the mathematical treatment 
of weapons-effects data and the design of a circular slide rule for easy evaluation of free-field 
effects parameters. The purposes of this chapter are: (1) to describe in detail the use of the 
slide rule in determining numerical values of effects parameters, (2) to discuss briefly various 
criteria for biological and structural damage which are presented on the computer in tabular 
or graphical form, and (3) to describe a few simple procedures that will make it possible to 
use the slide rule for estimates of most of the effects parameters for yields greater than 20 Mt 
or less than 1 kt. The material in Chaps. 2 and 3 is not essential to that presented here. 

Table 4.1 lists 28 sets of variables, each set representing an effects problem that can be 
solved on the slide rule; i.e., any one of the variables can be evaluated if the others in the set 
are known. The second column of the table specifies the type of burst for which the data are 
applicable. The principal conditions of applicability are noted in the third column. In the last 
column are listed the sections of this chapter in which detailed instructions are given for the 
evaluation of the variables as well as a brief discussion of the biological and structural signifi- 
cance of some of the weapons effects. 

4.2 BLAST-WAVE PARAMETERS 

4.2.1    Incident Blast Wave* 

The blast parameters presented are those which would describe a wave propagated along 
the ground in open, relatively flat areas, assuming nearly ideal surface conditions! and a 
standard sea-level atmosphere. Maximum overpressure (pm), maximum dynamic pressure 
(qm), maximum wind velocity (um), arrival time of the blast wave (ta), and duration of the 
positive-overpressure phase of the blast wave (tp) are detailed for two burst conditions, viz., 
surface burst (SB) and optimum burst height (OBH). The latter is defined as a burst at that 
height which maximizes an effect for a particular range and yield; e.g., for a yield of 1 Mt, a 
burst height of 5000 ft maximizes the overpressure at a 1.2-mile range, whereas a 10,000-ft 
height would be required for a range of 5 miles. Maximum winds for the OBH condition were 
computed by using the maximum dynamic pressures for OBH and the corresponding over- 
pressures. 

*See Chap. 3 of Ref. 1. 
tA nearly ideal surface can be defined as one not conducive to the formation of precursor 

waves (see Ref. 1). 
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Use of the slide rule to determine the parameters of the incident blast wave can be illus- 
trated by means of Fig. 4.1. The tab hairline is placed at 100-kt yield and 1.6-mile range. In 
the large window the following values are read for the indicated parameters: 

SB OBH 

Pm 3.4 psi 7.0 psi 
qm 0.25 psi 1.1 psi 
um 110 mph 220 mph 

These values are also applicable to any number of yield-range combinations that can be read 
directly from the two scales, e.g., 1 Mt at 3.4-mile range or 20 Mt at 9.4-mile range. 

Duration of positive overpressure and arrival time of the blast wave can be read in the 
appropriate window on the small disk. The only rule setting necessary for these readings in- 
volves moving the hairline on the tab to the yield of interest. 

Continuing the example cited above (Fig. 4.1), if the hairline is set on 100 kt, we find (read- 
ing in the second window from the center) that for a surface burst the blast wave of 3.4-psi 
maximum overpressure arrives 5.0 sec after the detonation and has a positive-overpressure 
duration of 1.7 sec. Similar evaluations can be obtained for bursts at optimum height by using 
the overpressure scales appearing on the outer scale in the window. 

4.2.2 Reflected Blast Wave* 

When an ideal or classical blast wave strikes a flat surface head on, i.e., at normal inci- 
dence, there is an instantaneous rise in overpressure to two or more times the incident value. 
The magnitude of the reflected overpressure can be read on the slide rule as a function of inci- 
dent overpressure using the fixed scales plotted along an arc near the range scale on the middle 
disk (Fig. 4.1). Suppose, for example, that a blast wave of ideal-wave shape with a maximum 
overpressure of 30 psi strikes the side of a building head on. From the reflected overpressure 
scale, it can be determined that 100-psi overpressure results from this reflection. It should be 
noted that the reflected overpressures shown on the slide rule are applicable to locations where 
the ambient pressure is 14.7 psi. 

4.2.3 Structural and Biological Damage Associated with Various Maximum Overpressures 

Criteria for structural and biological damage are presented on the slide rule in the form 
of tables that can be viewed by rotating the large window on disk F2 beyond the blast-parameter 
scales (see Figs. 3.1 and 3.3). The table describing structural damage is reproduced in Table 
4.2. The large difference in overpressures tolerated by the buried concrete arch and the buried 
steel arch is to some extent a result of the differences in the method of burial of the structures. 
The concrete arch referred to is an underground structure with an earth mound at the surface; 
the steel arch is a surface structure with an earth cover mounded to a depth of 5 ft at the 
crown of the arch (see footnotes to Table 4.2). Thus the steel structure would encounter addi- 
tional blast loads owing to dynamic pressure and reflected overpressure. 

Damage criteria in Table 4.2 for seismic and reinforced-concrete structures were esti- 
mated from data reportedf for destruction of buildings in Hiroshima and Nagasaki during 
World War II. The weapons detonated over these cities had yields of about 20 kt. Damaging 
overpressures for ordinary houses were estimated from data obtained from a 15-kt shot in 
1953 and a 30-kt shot in 1955 at the Nevada Test Site.t Since the duration of the blast wave 
increases for greater yields, the expected structural damages for a given maximum over- 
pressure would be somewhat greater than those tabulated. 

*See Chap. 3 of Ref. 1. 
tSee Chap. 5 of Ref. 1. 
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The biological-damage criteria* listed in Table 4.3 are those resulting from overpressure 
per se (biological effects due to translation and missiles are discussed later). Rupture of the 
eardrum is mostly dependent on the maximum overpressure experienced. Lung hemorrhage 
and mortality, however, are greatly dependent on the shape and duration of the overpressure 
pulse as well as on the maximum value of overpressure. The data reported were derived from 
shock-tube studies1 using animals as biological test subjects and for the following conditions: 
(1) the incident overpressure wave was accompanied by a shock and (2) the total duration of the 
overpressure was about 0.4 sec. Experience has indicated that overpressure waves of dura- 
tions greater than 0.4 sec would produce about the same mortality. 

As noted above, the basic data were obtained from experimental animals. The damage es- 
timates for man reported in Table 4.3 (items 2 and 3) were made by extrapolating the animal 
data to a biological subject weighing 70 kg (approximate weight of man). 

4.3    TRANSLATIONAL VELOCITIES FOR MAN AND WINDOW GLASS t 

The translational velocities for man and window glass, which appear on the small disk (F3 

in Fig. 3.1), were computed for the following conditions: (1) The velocities are those which 
would be attained after 10 ft of travel from the original position. (2) The range-velocity rela- 
tions shown apply to a burst at the optimum height to maximize overpressure. (Velocities that 
would apply to a surface burst can be estimated by a method illustrated below.) (3) The veloci- 
ties for man apply to a 165-lb man standing in an open area at the time of arrival of the blast 
wave. (4) The velocities for v/indow glass apply to fragments (0.1 to 10 g) of double-strength 
glass (% in. thick) from windows facing Ground Zero. (5) The blast wave was assumed to be 
classical or near ideal (see Sec. 4.2.1). 

Velocities of translation for man and window glass are found by setting the tab hairline on 
the yield of interest and reading, in the appropriate windows, velocities as a function of range. 
If the yield is 100 kt, as illustrated in Fig. 4.1, at a 1.6-mile range the velocity for man is 30 
ft/sec and for window glass, 320 ft/sec. These velocities apply to a burst of optimum height 
which would produce a maximum overpressure of 7.0 psi at this range (Fig. 4.1). However, a 
surface burst of this yield would produce at 1.6 miles a maximum overpressure of only 3.4 psi. 
From the overpressure, yield, and range scales illustrated in Fig. 4.2, it is found that a 3.4- 
psi maximum overpressure occurs at 2.6 miles for an optimum height of burst. From the ap- 
propriate velocity scales at the 2.6-mile range, it is found that the velocity for man is 12 ft/sec 
and for window glass it is 150 ft/sec at the 1.6-mile range for a surface burst of 100 kt. It is 
assumed that the velocities at 1.6 miles for a surface burst are the same as those at 2.7 miles 
for an optimum burst height because the maximum overpressures are the same for the two 
situations although the durations of the two waves are slightly different. 

The translational velocities placed on the slide rule for window-glass fragments may im- 
ply a uniformity in behavior of fragments for a given situation. This, in reality, is not true, as 
has been demonstrated by field work5'6 at the Nevada Test Site where thousands of glass- 
fragment velocities were measured. The fragment velocities placed on the slide rule were de- 
rived from theoretical and laboratory studies,7,8 and it should be noted that, in general, they 
are consistent with those measured in the field studies if, for a given sample, only the frag- 
ments with the higher velocities are considered. Thus the velocities determined from the slide 
rule may be considered to be maximal rather than average. 

Table 4.4 contains data placed on the slide rule in tabular form to enhance the significance 
of glass fragments striking a biological target.9 Because the penetration data are for 1 cm of 
soft tissue, it should not be assumed that penetrations of lesser depths might not be significant, 
particularly where multiple lacerations or the eyes are involved. 

*Placed on the slide rule in the table to the right of the one previously discussed for 
structural damage. 

tSee Chap. 11 of Ref. 1. 
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The translational velocities placed on the slide rule for man were also derived from theo- 
retical and laboratory studies.7'8 The data have been validated by full-scale weapons tests in 
only one instance where use was made of an anthropomorphic dummy.10 As previously noted, 
the data were computed for a 165-lb man. A smaller man could be expected to have higher ve- 
locities, and a larger man, lower velocities. 

The biological damage associated with the translation of man is generally considered to be 
dependent on subsequent impact with a hard, stationary object. The criteria placed on the slide 
rule and listed in Table 4.5 are based on perpendicular impact with a rigid, flat surface (refer- 
ences noted in table). Surfaces with sharp edges would probably be more injurious than flat 
ones. 

4.4    THERMAL RADIATION* 

The thermal-radiation scales, which are in red on the back of the circular computer, apply 
to air bursts and slant ranges where the visibility is 50 miles. Thermal data for distances less 
than 0.1 mile and greater than 25 miles were obtained by extrapolation. To estimate the ther- 
mal dose of a given location, set the range opposite yield on the front of the computer and place 
the tab hairline over this setting. Without moving the scales, turn the computer over and read 
the thermal scale at the intersection of the red spiral and the red hairline, e.g., if 100 kt and 
1.6 mile slant range are set under the tab hairline as illustrated in Fig. 4.1, 34 cal/cm2 is de- 
termined by interpolation on the thermal scale, as shown in Fig. 4.3. 

Thermal radiation for a surface burst can also be obtained from the slide rule. For this 
case set the short mark to the right of the tab hairline on the yield of interest (100 kt) and then 
set the range (1.6 miles) on the tab hairline, as shown in Fig. 4.4. With this setting a dose of 
24 cal/cm2 is determined in the same manner as before on the thermal scale (Fig. 4.5). 

The dashed lines on the thermal scale indicate as a function of yield (either air or surface 
burst) the thermal dose necessary for first- and second-degree burns to bare white skin. Thus, 
if the tab hairline is set on 100 kt as in Figs. 4.1 and 4.2, the thermal doses necessary to pro- 
duce first- and second-degree burns are determined to be about 3 and 5 cal/cm2, respectively 
(see Fig. 4.3). The definitions of first- and second-degree burns appear on the slide rule near 
the thermal scales (see Figs. 4.3 and 4.5). First-degree burns are compared to sunburn with 
no blistering. Second-degree burns involve blistering with serious consequences, particularly 
if the face or extensive areas of the body are involved. 

The rate of delivery of thermal radiation is indicated on the front of the slide rule in the 
outer window on the small disk. If the tab hairline is set on 100 kt as in Figs. 4.1 and 4.2, it 
can be determined, for example, that 1 per cent of the thermal radiation is emitted in 0.1 sec, 
50 per cent in 0.7 sec, and 80 per cent in 2.8 sec. 

The rate of delivery of thermal radiation is significant in that it gives some indication of 
the time available for evasive action after a detonation. This concept is particularly important 
at the greater ranges from the larger weapons.   For example, a total thermal-radiation dose of 
20 cal/cm2 is delivered at about 23 miles (slant range) from a 20-Mt air burst for a visibility 
of 50 miles; however, only 20 per cent of this dose is delivered in the first 4.5 sec after the 
detonation. Thus, if evasive action could be taken in this time, the thermal dose received would 
be only 20 x 0.2 = 4 cal/cm2. 

4.5    INITIAL NUCLEAR RADIATION! 

Initial nuclear radiation, gamma plus neutron, is indicated on the computer in a manner 
similar to that used for the thermal radiation. The nuclear-radiation data were computed for 
air bursts, slant ranges, air-density ratio of 0.9, and a relative biological effectiveness (RBE) 

*See Chaps. 7 and 9 of Ref. 1. 
tSee Chaps. 8 and 11 of Ref. 1. 
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of 1.0 for both gamma and neutron radiation.* To illustrate an evaluation of initial nuclear 
radiation, set the tab hairline opposite the 1.6-mile range and 100-kt yield (see Fig. 4.1) and 
read about 20 rem on the initial-nuclear-radiation scale at the intersection of the black spiral 
and the black hairline (see Fig. 4.3). 

A summary of the effects of acute exposure to ionizing radiation1 are tabulated on the back 
of the central disk of the computer (see Fig. 4.3). 

4.6 EARLY FALLOUT DOSE RATEt 

The early-fallout-dose-rate scales appearing on the small and middle disks on the front of 
the computer are independent of all the other scales. If, after the fallout is complete, a dose 
rate is measured at a known time after detonation, then dose rates at later times can be esti- 
mated. Suppose that 80 r/hr were measured 2 hr after a detonation and that the early fallout 
was complete. For convenience in reading the dose-rate scale at long periods of time, let 100 
scale units represent 1 r/hr. Thus 80 r/hr would correspond to 80 x 100 = 8000 scale units. 
Set 8000 opposite 2 hr, as illustrated in Fig. 4.6, and read 1200/100 = 12 r/hr at 10 hr; 110/ 
100 = 1.1 r/hr at 3 days; and 6.8/100 = 0.068 r/hr at 30 days. Note that this procedure is es- 
sentially the same as moving the decimal point of all dose-rate numbers on the slide rule two 
places to the left.  (The biological effects of acute exposure to ionizing radiation were noted in 
Sec. 4.5.) 

4.7 CRATER DIMENSIONS* 

The crater dimensions defined on the computer apply to contact surface bursts where the 
surface material is dry soil or rock. The three crater dimensions used are illustrated by a 
diagram on the computer (see Fig. 4.1). The dimension RA is the radius of the apparent crater, 
i.e., not including the rupture zone. RL is the radius of the crater lip, and D is the depth of the 
crater measured from the level of the undisturbed ground to the bottom of the crater. 

Crater dimensions are evaluated by setting the tab hairline on the appropriate yield and 
reading the dimensions described above in the window nearest the center of the computer. 
Thus a 100-kt contact surface burst is found to produce a crater whose depth (D) is 0.027 mile 
in soil or 0.022 mile in rock (see Fig. 4.1). The radius of the crater lip (RL) for a weapon of 
this yield is 0.11 mile in soil or 0.09 mile in rock, and the radius of the apparent crater (RA) 
is 0.056 mile in soil or 0.045 mile in rock. 

4.8 MAXIMUM FIREBALL RADIUS AND MINIMUM HEIGHT OF BURST FOR NEGLIGIBLE 
EARLY FALLOUT! 

The maximum fireball radius presented on the computer is an average between those for 
air and surface bursts, i.e., the fireball radius for a surface burst is 13 per cent larger than 
that indicated, and for an air burst, 13 per cent smaller. 

The production of early (or local) fallout is dependent on the relative size of the fireball 
radius and the height of burst, other conditions being the same. Thus the empirically deter- 

*It is shown in Sec. 2.6 that the nuclear-radiation data placed on the slide rule can also be 
applied, with reasonable accuracy, to a surface burst or an optimum height burst. This simple 
method of approximation is particularly useful for planning purposes where uncertainties in 
range are significant. 

tSee Chap. 9 of Ref. 1. 
tSee Chap. 6 of Ref. 1. 
§See Chap. 2 of Ref. 1. 
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mined minimum height of burst required for negligible fallout is shown by an indicator on the 
same scale defining the fireball radius. 

To evaluate the parameters described in the preceding paragraph, set the tab hairli.«e on 
the yield of interest and refer to the scale in the appropriate window on the small disk. For 
example, a 100-kt explosion produces a fireball with a maximum radius of 0.28 mile (see Fig. 
4.1). The minimum height of burst for negligible early fallout, read in the same window, is 
0.22 mile. 

4.9    ESTIMATION OF EFFECTS PARAMETERS FOR YIELDS GREATER THAN 20 MT OR 
LESS THAN 1 KT 

Although weapons effects for yields greater than 20 Mt have not been determined experi- 
mentally, estimates of the magnitude of several of the effects can easily be made with the slide 
rule by application of the scaling laws. Similar procedures can be used to evaluate effects for 
yields less than 1 kt. 

For fixed values of ambient pressure and temperature, blast-wave parameters are func- 
tions of d/w\ where d is range and W is explosive yield (see equations in Table 2.1, for ex- 
ample). If the convenient factor 10 is chosen, then 

d        lOd lOd (41) 

wy3     iow'/3     (1000W)% 

or, if Vio is used, 

d   _   d/10   _     (d/10) (42) 
wy3     w'VlO    (W/1000),/3 

Suppose it were desired to estimate values of the blast parameters at a distance of 16 
miles from a 100-Mt (100,000-kt) surface burst.* If the scaling expressed by Eq. 4.2 is used, 
certain of the blast parameters for this yield and range would have the same values as those at 
16/10 = 1.6-mile range from a 100,000 kt/1000 = 100-kt burst. Thus, when a 1.6-mile range is 
set opposite 100-kt yield, the following values of blast parameters are obtained which are ap- 
plicable to a 100-Mt surface burst at a 16-mile range: 

Maximum overpressure 3.4 psi 
Maximum dynamic pressure 0.25 psi 
Maximum wind velocity 110 mph 

When the tab hairline is set at 100 kt, the duration of the positive overpressure for a maximum 
overpressure of 3.4 psi is read in the appropriate window to be 1.7 sec. To find the duration of 
the blast wave of the same maximum overpressure, but from a 100-Mt explosion, multiply the 
1.7-sec duration by (100,000 kt/100 kt)'/3 = 10 to obtain a duration of 17 sec. A similar proce- 
dure results in an arrival time for the blast wave of 5.0 x 10 = 50 sec. 

Since crater dimensions (like range, duration, and arrival time) are proportional to the 
cube root of the yield,f a method similar to that previously described can be used to estimate 
the size of craters for explosions greater than 20 Mt. The crater depth for a 100-kt yield is 
found from the slide rule to be 0.027 mile; therefore the crater depth for a 100-Mt explosion 
would be 0.027 x 10 = 0.27 mile. Similarly, the apparent crater radius is 0.056 x 10 = 0.56 
mile, and the crater-lip radius is 0.11 x 10 = 1.1 miles.  (The crater dimensions described in 

""Caution should be exercised in extrapolating blast effects for the optimum burst height to 
high yields since the heights of burst required for optimization may be excessive and would 
result in serious errors owing to the low ambient air pressure of the point of detonation (see 
Eqs. 2.78 and 2.79 in Table 2.9). 

fSee equations in Fig. 2.19. 
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this example are applicable to a contact surface burst of 100 Mt and to dry soil. The tentative 
nature of these estimates should again be emphasized.) 

The procedures for estimating blast and crater parameters for yields less than 1 kt are 
the same as those described for yields greater than 20 Mt, except that Eq. 4.1 is used instead 
of Eq. 4.2. As an example, to find the range at which 5.0-psi maximum overpressure would oc- 
cur if 0.1 kt were detonated at the height which maximizes overpressure (optimum burst height), 
first, multiply 0.1 kt by 1000 to obtain 100 kt. Then, set the hairline in the large window at 5 
psi on the optimum-burst-height scale, and read the 2.0-mile range opposite 100-kt yield. The 
final step is to divide the range for 100-kt yield by 10 to obtain the 0.2-mile range applicable to 
0.1 kt. 

Fireball dimensions (including minimum height for negligible fallout) vary as W0-4. The 
equation for the fireball radius (R) averaged for surface and air bursts is 

R = KWM (4.3) 

where K = 0.04356 mile. If both sides of the equation are multiplied by 100, we obtain 

100 R = K 100 WM = K (100,000 W)M (4.4) 

or, if both sides are divided by 100, 

R 
100 

/    w    \0-4 

= K(iöö7öö) (4-5> 

Thus the average fireball radius for a 100-Mt (100,000-kt) burst is found by setting the slide 
rule on 100,000 kt/100,000 = 1 kt, reading 0.044 mile in the appropriate window, and multiply- 
ing this radius by 100 to get 4.4 miles. This simplified procedure is not workable for yields 
between 20 and 100 Mt or for yields between 0.2 and 1 kt since the factor of 100,000 makes the 
reference yield too small or too large, respectively, to be read on the slide rule. 

The thermal-radiation dose received at a given distance from a burst is directly propor- 
tional to the yield (see equations in Table 2.11). Therefore the thermal dose received at the 
49-mile slant range from an air burst of 100 Mt can be found by reading 2.0 cal/cm2 at 49 
miles from a 10-Mt burst and multiplying this dose by 100/10 = 10 to obtain 20 cal/cm2. 

The time required to deliver a given percentage of the total thermal radiation is propor- 
tional to the square root of the yield (see Fig. 2.14). For example, to find the time after deto- 
nation at which 50 per cent of the thermal radiation is emitted from a 100-Mt burst, read 2.3 
sec for a 1-Mt explosion and multiply this time by (100/1)^ = 10 to get 23 sec for the 100-Mt 
burst. 

There is no simple method for extrapolating initial-nuclear-radiation doses for yields 
greater than 20 Mt. However, doses for yields less than 1 kt can be estimated by a method 
similar to that for thermal radiation provided that reference doses obtained from the slide 
rule are limited to yields between 1 and 10 kt (see Eq. 2.114 and Fig. 2.15). To find the initial- 
nuclear-radiation dose at 0.32-mile slant range from a 0.2-kt burst, for example, read 104 

rem at 0.32 mile from a 0.2 x 10 = 2-kt burst and divide this dose by 10 to obtain 103 rem for a 
burst of 0.2-kt yield. 
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TABLE 4.1 — FUNCTIONS ON THE NUCLEAR BOMB EFFECTS COMPUTER* 

Type of Described 
Variables burst Conditions in section 

Pm.d. W SB P = 14.7 psi 4.2 

Pm.d.W OBH P = 14.7 psi 4.2 

qm, d, W SB P = 14.7 psi 4.2 

qm, d, W OBH P = 14.7 psi 4.2 

Um, d, W SB P = 14.7 psi; c0 = 1117 ft/sec 4.2 

Um, d, W OBH P = 14.7 psi; c0 = 1117 ft/sec 4.2 

ta, Pm, W SB P = 14.7 psi; T0 = 519°Rankine 4.2 

ta, Pm. W OBH P = 14.7 psi; T0 = 519°Rankine 4.2 

tp, Pm, W SB P = 14.7 psi; T„ = 519°Rankine 4.2 

tp.Pm.W OBH P = 14.7 psi; T0 = 519°Rankine 4.2 

Pr, Pm P = 14.7 psi 

V10 £t(m)> d> W OBH P = 14.7 psi; c0 = 1117 ft/sec 4.3 
v10£t(g)'d> W OBH P = 14.7 psi; c0 = 1117 ft/sec 4.3 

Q, dS) W AB Visibility = 50 miles 4.4 
Q, d, W SB Visibility = 50 miles 4.4 

Qisb w SB, AB Bare skin (white) 4.4 

Q2nd- W SB, AB Bare skin (white) 4.4 

Q%, t, W SB, AB 4.4 

I, ds, W AB(SB, OBH) p/p 0=0.9 4.5 

R, t, R0, t0 SB 4.6 

RL, W CSB Dry soil 4.7 
RL) W CSB Rock 4.7 
RL,W CSB Dry soil 4.7 
RA,W CSB Rock 4.7 
D, W CSB Dry soil 4.7 
D, W CSB Rock 4.7 

W, w SB, AB Average for SB and AB 4.8 

Hm, W AB 4.8 

*See List of Symbols for definition of terms. 

TABLE 4.2 —CRITERIA FOR STRUCTURAL DAMAGE 

Types of structure 

Overpressure, psi 

Light damage     Heavy damage Reference 

Buried concrete arch* 120 to 160 220 to 280 Chap. 4 of Ref. 1 
Buried steel archt 30 to 40 45 to 60 Chap. 4 of Ref. 1 
Seismic structure 10 35 Chap. 5 of Ref. 1 
Reinforced concrete 7 25 Chap. 5 of Ref. 1 
Ordinary house 1 5 Chap. 5 of Ref. 1 
Glass windows 0.02 1 2 

♦Buried concrete arch with a 16-ft span and central angle of 180°; 8 in. thick 
with 4 ft of earth cover at the crown. 

tLight corrugated-steel arch, surface structure (10-gauge corrugated steel 
with a span of 20 to 25 ft) central angle of 180° with 5 ft of earth cover at the 
crown. 
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TABLE 4.3 —CRITERIA FOR BIOLOGICAL DAMAGE 
DUE TO OVERPRESSURE 

Overpressure,* 
psi Probable biological effect Reference 

5 to 45 1 to 99% rupture of eardrum 3 
15 to 25t Threshold lung hemorrhage 4 
35 to 65t 1 to 99% mortality 4 

*Side-on or reflected overpressure. 
tApplies only to fast-rising pressure of long duration. 

TABLE 4.4—GLASS-MISSILE DATA FOR PENETRATION 
OF 1-CM SOFT TISSUE 

Velocity 
for indicated 
probabilities, 

Glass fragment 
ft/sec 

mass, g 1% cor 99% Reference 

0.1 235 410 730 9 

0.5 160 275 485 9 

1.0 140 245 430 9 

10.0 115 180 300* 9 

*This is a revised figure that does not appear on the 

slide rule. 

TABLE 4.5 —BIOLOGICAL EFFECTS OF IMPACT 
AT 90° WITH A HARD SURFACE 

Impact velocity, 
ft/sec Probable biological effect Reference 

0 to 10 No serious injury 
12 to 16 Fracture of feet and legs 11 
13 to 23 1 to 99% skull fracture 12 
15 to 35 1 to 99% mortality 13 
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MARK FOR USE WITH 

SURFACE BURST THERMAL 
TAB HAIRLINE 

Fig. 4.1—Circular slide rule with yield set at 100 kt and range set at 1.6 miles (both by the tab 
hairline, as indicated by the arrow). 
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Fig. 4.2—Circular slide rule with yield (tab hairline) set at 100 kt and maximum overpressure for 
optimum burst height (hairline in large window) set at 3.4 psi. 
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Fig. 4.3—Back of the circular slide rule with settings on the front of 100 kt for yield and 1.6 
miles for range (both with the tab hairline). A thermal-radiation dose of 34 cal/cm2 for air 
bursts is read at the intersection of the red spiral and red hairline on the thermal-radiation 
curves. The initial nuclear radiation for air bursts is read at intersection of black spiral and 
black hairline to be 20 rems. 
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Fig. 4.4—Front of the computer with yield set at 100 kt using small mark to right of hairline 
and range set at 1.6 miles using tab hairline. This is the setting to read surface-burst thermal 

radiation in Fig. 4.5. 
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Fig. 4.5—Back of the computer showing reading of 24 cal/cm   for thermal radiation using 
yield and range settings indicated in Fig. 4.4. 
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Sj-33in awoe 

Fig. 4.6—Front of computer with arrow indicating early fallout dose rate of 8000 set at a time 

of 2 hr. 
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Appendix 

OUTLINE OF THE PROCEDURE USED TO CONSTRUCT 
THE ORIGINAL PLOTS OF THE SLIDE-RULE DISKS 

Construction of drawings from which each of the slide-rule disks was produced was greatly 
facilitated by use of machine techniques. The equipment employed* included a digital computer 
(Bendix G-15D), a magnetic tape for auxiliary storage of information (Bendix MTA-2), and a 
discrete-interval plotter with a plotting interval of 0.01 in. (Bendix PA-3). 

The first step of the plotting procedure was to generate by computation the detailed data 
necessary for the plotting equipment. The data were computed, accumulated on magnetic tape, 
and then transmitted by the computer to the plotter as electrical pulses. 

Each disk was drawn in detail (including windows and hairlines) to a scale that would make 
the largest disk 20 in. in diameter.t The plotter used roll paper with a plotting space of 11 in. 
in the short axis. Thus it was necessary to prepare each disk in two parts which could then be 
fitted together for drafting purposes by means of alignment marks appearing on each part. 
After the data had been computed and stored on magnetic tape, a complete set of plots could be 
prepared in about 4 hr. 

♦The Intercard programing system used in this work also requires an IBM 523 unit for 
card reading, an IBM 514 for punching cards, and an IBM 402 for tabulation (the IBM and 
Bendix equipment being made compatible by the Bendix CA-2 coupling unit). 

fThe largest disk of the manufactured slide rule is 5% in. in diameter. 
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CIVIL EFFECTS TEST OPERATIONS REPORT SERIES (CEX) 

Through its Division of Biology and Medicine and Civil Effects Test Operations Office, the Atomic Energy Commission conducts cer- 
tain technical tests, exercises, surveys, and research directed primarily toward practical applications of nuclear effects information and 
toward encouraging better technical, professional, and public understanding and utilization of the vast body of facts useful in the design of 
countermeasures against weapons effects. The activities carried out in these studies do not require nuclear detonations. 

A complete listing of all the studies now underway is impossible in the space available here. However, the following is a list of all 
reports available from studies that have been completed. All reports listed are available from the Office of Technical Services, Depart- 
ment of Commerce, Washington 25, D. C, at the prices indicated. 

CEX-57.1 The Radiological Assessment and Recovery of Contaminated Areas, Carl F. Miller, September 1960. 
($0.75) 

CEX-58.1 Experimental Evaluation of the Radiation Protection Afforded by Residential Structures Against Distributed Sources, J. A. 
($2.75) Auxier, J. O. Buchanan, C. Eisenhauer, and H. E. Menker, January 1959. 

CEX-58.2 The Scattering of Thermal Radiation into Open Underground Shelters, T. P. Davis, N. D. Miller, T. S. Ely, J. A. Basso, and 
($0.75) H. E. Pearse, October 1959. 

CEX-58.7 AEC Group Shelter, AEC Facilities Division, Holmes & Narver, Inc., June 1960. 
($0.50) 

CEX-58.8 Comparative Nuclear Effects of Biomedical Interest, Clayton S. White, I. Gerald Bowen, Donald R. Richmond, and Robert 
( $ 1.00) L. Corsbie, January 1961. 

CEX-58.9 A Model Designed to Predict the Motion of Objects Translated by Classical Blast Waves, I. Gerald Bowen, Ray W. Albright, 
($1.25) E. Royce Fletcher, and Clayton S. White, June 1961. 

CEX-59.1 An Experimental Evaluation of the Radiation Protection Afforded by a Large Modern Concrete Office Building, J. F. 
($0.60) Batter, Jr., A. L. Kaplan, and E. T. Clarke, January 1960. 

CEX-59.4 Aerial Radiological Monitoring System.   I. Theoretical Analysis, Design, and Operation of a Revised System, R. F. 
( $ 1.25) Merian, J. G. Lackey, and J. E. Hand, February 1961. 

CEX-59.4 Aerial Radiological Monitoring System.   Part II. Performance, Calibration, and Operational Check-out of the EG&G 
(Pt.II) Arms-II Revised System, J. E. Hand, R. B. Guillou, and H. M. Borella, Oct. 1, 1962. 

($1.50) 

CEX-59.7C       Methods and Techniques of Fallout Studies Using a Paniculate Simulant, William Lee and Henry Borella, February 1962. 
($0.50) 

CEX-59.13       Experimental Evaluation of the Radiation Protection Afforded by Typical Oak Ridge Homes Against Distributed Sources, 
($0.50) T. D. Strickler and J. A. Auxier, April 1960. 

CEX-59.14       Determinations of Aerodynamic-drag Parameters of Small Irregular Objects by Means of Drop Tests, E. P. Fletcher, R. W. 
($1.75) Albright, V. C. Goldizen, and I. G. Bowen, October 1961. 

Evaluation of the Fallout Protection Afforded by Brookhaven National Laboratory Medical Research Center, H. Borella, 
Z. Burson, and J. Jacovitch. February 1961. 

Extended- and Point-source Radiometrie Program, F. J. Davis and P. W. Reinhardt, 
August 1962. 

Experimental Evaluation of the Radiation Protection Provided by an Earth-covered Shelter, Z. Burson and H. Borella, 
February 1962. 

CEX-62.01       Technical Concept-Operation Bren, J. A. Auxier, F. W. Sanders, F. F. Haywood, J. H. Thorngate, and J. S. Cheka, 
($0.50) January 1962. 

CEX-62.02       Operation Plan and Hazards Report-Operation Bren, F. W. Sanders, F. F. Haywood, M. I. Lundin, L. W. Gilley, J. S. Cheka, 
($2.25) and D. R. Ward, April 1962. 
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